Abstract The discharge characteristics of the series surface/packed-bed discharge (SSPBD) reactor driven by bipolar pulse power were systemically investigated in this study. In order to evaluate the advantages of the SSPBD reactor, it was compared with traditional surface discharge (SD) reactor and packed-bed discharge (PBD) reactor in terms of the discharge voltage, discharge current, and ozone formation. The SSPBD reactor exhibited a faster rising time and lower tail voltage than the SD and PBD reactors. The distribution of the active species generated in different discharge regions of the SSPBD reactor was analyzed by optical emission spectra and ozone analysis. It was found that the packed-bed discharge region (3.5 mg/L), rather than the surface discharge region (1.3 mg/L) in the SSPBD reactor played a more important role in ozone generation. The optical emission spectroscopy analysis indicated that more intense peaks of the active species (e.g. N2 and OI) in the optical emission spectra were observed in the packed-bed region.
Introduction
Recently, the non-thermal plasma (NTP) process has drawn considerable attention in environmental contaminants decomposition due to its no secondary pollution, easy operation, low energy consumption, and rapid reaction at ambient temperature [1−3] . As a typical NTP process, dielectric barrier discharge (DBD) has the advantages of stable discharge features, simple experimental setup and non-equilibrium nature. It was regarded as a predominant approach with high degradation efficiency of contaminations especially for low concentration VOCs [4−8] . A DBD plasma reactor was employed by Assadi et al. to decompose isovaleraldehyde, and they found that the degradation efficiency was improved by increasing the specific input energy in the discharge area [9] . It was demonstrated that a high dichlorobenzene degradation efficiency was achieved by Antonius et al. using the DBD reactor [10] . Wu et al. applied a DBD plasma reactor to remove toluene and gained an ideal performance [11] .
However, the application of the DBD process for VOCs degradation is greatly restricted by low energy efficiency and mineralization efficiency. In order to overcome these disadvantages, an improved process, which generated series surface/packed-bed hybrid discharge (SSPBD) plasma, was proposed and employed for VOCs degradation in our previous study [12] . Nevertheless, it was proved that the previous study mainly focused on the degradation performance of the SSPBD reactor, such as degradation efficiency, mineralization efficiency, and energy yield. The discharge characteristics of the SSPBD plasma reactor have not been systemically discussed. Meanwhile, it is of great importance to study the synergetic effects of the generation of active species in different discharge regions of the SSPBD reactor. In our previous study, an AC power supply was employed as the plasma discharge source to excite the SSPBD plasma. Compared with AC power, pulsed power could make it possible that the electrical energy injected in the plasma reactor was deposited * supported by National Natural Science Foundation of China mainly in the energetic electrons instead of accelerating the heavy particles. At the same time, both the higher energy efficiency and lower power consumption could be achieved [13] . However, there existed a phenomenon that single pulsed power could cause the accumulation of net charges on the dielectric, which impeded the energy injection to some extent. On the contrary, this issue could be resolved by using the bipolar pulsed power; almost no accumulation of net charges on the dielectric surface was generated due to the positive and negative pulsed discharge in turn [14] . In this study, the discharge characteristics of the SSPBD plasma reactor excited by bipolar pulsed power were systemically discussed in terms of the waveforms of applied voltage and current, and the ozone generated in the SSPBD, SD and PBD reactors were compared. In order to explore the distribution of active species generated in the SSPBD reactor, optical emission spectra and ozone analysis were also investigated in different discharge regions. The present work provides some plausible references for gaseous pollutants treatment in the future industrial applications.
Experiment

Experimental setup
The schematic of the experimental apparatus in the present study is illustrated in Fig. 1 . The system consisted of a bipolar pulsed power supply (P60D-III, Institute of Electrostatics and Special Power of DLUT, China), a plasma reactor, and an analytical system. In this process, the dry air flow rate was kept at 1 L/min by a mass flow controller (D08-1F, Beijing Sevenstar Electronics Co. Ltd.). The ozone concentration was measured with the iodometry method during the whole experiment [15] . The emission spectra were detected using an optical emission spectrograph (INS-300-122B, Acton) with 1200 grooves/mm grating, 200 nm glancing wave-length and 0.131 nm resolution ratio. A stainless steel spring (1.2 mm diameter) was served as the discharge electrode coiling around the inner surface of the quartz tube, and a wire mesh (200 mm length) acted as the ground electrode wrapping around the inner surface of the outer organic glass tube. The packed-bed discharge region was filled with glass beads (5 mm diameter). A single surface discharge reactor (SD, Fig. 2(b) ) and a single packed-bed discharge reactor (PBD, Fig. 2(c) ) were also constructed with the same configuration compared to the SSPBD reactor. As shown in Fig. 2(a) , air is introduced from (1) to (4) with (2) (3) shutting in the surface discharge area of the SSPBD (SSPBD-SD), or (3) to (2) with (1) (4) shutting in the packed-bed area of the SSPBD (SSPBD-PBD). To systemically measure the optical emission spectroscopy, a model reactor was employed as shown in Fig. 2(d) . The model reactor was the cross region of the SSPBD plasma reactor after stretching and flattening according to the order from top to bottom: high discharge electrode, dark quartz glass, packing material (glass beads) and ground electrode. All of them were made with the same discharge electrodes, dielectric barrier, and packing materials. The spectra emission probe was placed in a position of 3 cm away from the discharge region (as shown in Fig. 2(d) ).
Experimental analysis
The electrical characteristics of the applied voltage and current were monitored by a digital oscilloscope (TDS 2012B, Tektronix), a voltage probe (P6015A, Tektronix), and a current probe (P2021A, Tektronix). The power (W) delivered into the reactor was calculated with the applied voltage and current waveforms:
The average discharged power:
where E p represents the power delivered per pulse, U (t) is the pulse voltage, I(t) is the pulse current, t is the pulse width and f is the pulse frequency. In this process, the specific input energy (SIE ) was defined by
where Q is the gas flow rate (1 L/min).
Results and discussion
3.1 Advantages of the SSPBD reactor 3.1.1 Discharge characteristics of the SSPBD, SD, and PBD Fig. 3 shows the typical waveforms of the applied voltage and current for positive and negative pulse of the SSPBD, SD, and PBD plasma reactors at 18 kV. It should be noticed that the negative discharge current appeared during the positive voltage. In fact, when the electric field was sufficient to initiate air breakdown, the discharge current increased with the increase of applied voltage as a result of air ionization. Then charges were deposited at the dielectric surface following the first current peak. Subsequently, the applied voltage began to decrease and when the potential difference of the discharge electrode and the charged surface was sufficient for the initiation, a new current propagated on the dielectric. Therefore, the negative current peak appeared during the fall time of the voltage [16] . Obviously, the current peak of the SD reactor (101.0 A in positive and −97.6 A in negative) was much higher than the PBD reactor (38.8 A in positive and −33.6 A in negative) and the SSPBD reactor (30.8 A in positive and −26.6 A in negative). It could be attributed to the shorter discharge gap of SD, resulting in the lower initial voltage. Therefore, the peak current of the SD reactor was the highest at the same discharge voltage. As shown in Table 1 , the rise times of the discharge current of the SSPBD, SD, and PBD plasma reactors are 23.08 ns, 30.41 ns, and 78.95 ns in positive polarity (P) and 21.09 ns, 29.17 ns, and 61.92 ns in negative polarity (N) at 23 kV, respectively. The fast rising time of the pulsed voltage made it possible that the electrical energy injected in the plasma reactor was deposited mainly in the energetic electrons instead of accelerating the heavy particles, which increased the energy injection efficiency of the plasma reactor. In addition, the tail voltages of the SSPBD reactor (13.0 kV in positive and 11.6 kV in negative) were lower than the SD reactor (14.2 kV in positive and 14.0 kV in negative) and the PBD reactor (13.6 kV in positive and 12.6 kV in negative). Higher discharge current was generated by higher tail voltage, which caused more energy consumption. Consequently, the fast rising time and the low tail voltage of the SSPBD were more beneficial in energy injection [17, 18] .
Comparison of ozone formation in the SSPBD, SD, and PBD reactors
Ozone is a long-living active species among all the active species generated by the NTP process. It was generated from the reactions of oxygen molecule and accelerated electrons according to the following reactions [19] :
where M could be O 2 or N 2 in air. The variations of ozone concentration as a function of SIE in the SSPBD, PBD, and SD reactors are compared in Fig. 4 . It could be seen that the ozone concentration increased with the increase of SIE, which could be attributed to the intensity of the electric field, resulting in more energetic electrons being generated. Therefore, more ozone could be achieved at high SIE. Besides, the ozone concentration generated from the discharge reactors increased from 2.6 mg/L to 6.8 mg/L, 2.3 mg/L to 5.8 mg/L, and 2.2 mg/L to 3.7 mg/L with increasing the SIE from 228 J/L to 468 J/L for the SSPBD, PBD, and SD reactors, respectively. It could be observed that higher ozone concentration was obtained in the SSPBD reactor compared to the SD and PBD reactors. That was because the longer gas residence time in the SSPBD reactor may lead to a higher collision probability between the energetic electrons and oxygen molecules, which resulted in generating more ozone. 5 shows the ozone concentration generated in different discharge regions of the SSPBD reactor. The results showed that the packed-bed discharge region (SSPBD-PBD) played a dominant role in ozone generation when compared to the surface discharge region (SSPBD-SD) in the SSPBD reactor. For example, when the applied voltage was 23 kV, the ozone concentrations were 5.9 mg/L, 3.5 mg/L, and 1.3 mg/L in the SSPBD, SSPBD-PBD, and SSPBD-SD reactors, respectively. The higher ozone concentration generated in the packed-bed discharge region could be due to the use of glass beads as the packing material, which enables the production of local electric fields at the contact points between the glass beads, allowing more plasma channels with strong energy to generate energetic electrons and active species. Therefore, the concentration of ozone was increased. Apart from those, the sum of ozone concentration in the packed-bed discharge region and surface discharge region was less than that in the whole SSPBD reactor. At the applied voltage of 21 kV, 1.4 mg/L ozone concentration was obtained in the packed-bed discharge region and 0.7 mg/L was achieved in the surface discharge region, but 3.1 mg/L of ozone concentration was obtained in the SSPBD reactor, instead of the expected 2.1 mg/L. This result indicated that the ozone formation in the SSPBD reactor exhibited a synergistic effect rather than an additive effect, which may be attributed to the plasma chemical effect of the sequential process.
Optical emission spectroscopy
As shown in Fig. 6 , the optical emission spectra are applied to analyze the active species generated in different discharge regions of the SSPBD reactor. To enhance the discharge intensity, pure Ar was added to the model system and the ratio of Ar to air was fixed at 20%. The peaks between 330 nm and 400 nm were mostly radicals of N, and the peak of 777.5 nm was OI [20] . Obviously, the emission intensities of all active species in the packed-bed discharge region were stronger than those in the surface discharge region, including Ar species (650-800 nm). Hence, it could be concluded that the packed-bed discharge region performed better in terms of the production of active species, which is in agreement with what was mentioned above. 
Conclusion
In the present study, discharge characteristics of the series surface/packed-bed discharge (SSPBD) plasma reactor driven by bipolar pulsed power were investigated in details. It can be seen from the waveforms of applied voltage and discharge current that a shorter rising time and lower tail voltage were achieved by the SSPBD reactor, which was more beneficial in energy injection than the SD or PBD reactor. The SSPBD reactor was also found to generate more ozone than the SD and PBD reactors at the same SIE. The packed-bed discharge region and the surface discharge region of the SSPBD reactor were compared in terms of the ozone generating efficiency and the optical emission spectra. It was indicated that the packed-bed region, rather than the surface discharge region, was more beneficial to produce active species, such as ozone, and possibly, shortlive active species.
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